Abstract: Chelate solutions, GLDA (pH of 3.3 to 13) and HEDTA (pH of 4 and 7) were incompatible with α-amylase over a wide range of temperatures. GLDA (pH 3.3) and HEDTA (pH 4) can be used to remove the filter cake in one step. GLDA (20 wt% in a 200 g solution and pH of 3.3) and HEDTA (20 wt% in a 200 g solution and pH 4) had 100% removal efficiency of the filter cake. The retained permeability was 110% and 106% for Berea sandstone and Indiana limestone cores, respectively when using GLDA (13.3 wt% in 300 g solution and pH of 3.3). The retained permeability was 115% and 100% for Berea sandstone and Indiana limestone cores, respectively when using HEDTA (20 wt% in 200 g solution and pH of 3.3). No core damage was observed when using GLDA and HEDTA solutions as a breaker to remove water-based filter cake. [Received: October 11, 2012; Accepted: December 25, 2012] Keywords: filter cake; retained permeability; α-amylase; removal efficiency; chelating agent.
Introduction
Horizontal and multilateral wells are drilled to improve the well productivity by maximising reservoir contact and enhance the hydrocarbon recovery (Yildiz, 2005) . Ideal filter cake (fast, impermeable, and low thickness) should be formed on the wall of the formation to minimise the damage, which results from the leakoff of the drilling fluids into the formation. It is very important to remove not only the filter cake from the surface of the formation, but also the damaged zone, which was formed during drilling operations, to increase well productivity.
Calcium carbonate filter cake can be removed by conventional methods such as the use of live acids, organic acids (Ali et al., 2004) , oxidising agents (Brady et al., 2000) , chelating agents , enzymes (Price-Smith et al., 1998) , in-situ generated acids (Nasr-El-Din et al., 2005) , or a combination of these chemicals.
Uniform filter cake removal cannot be achieved by using acids, which have rapid reaction rates (Price-Smith et al., 1998) . It is not recommended to use acids in long horizontal wells, due to the large volume of acid that is required to remove the filter cake . Burnett (1995) mentioned that polymers may coat calcium carbonate particles and act as a barrier, which minimises acid contact with the filter cake.
Oxidisers (e.g., LiOCl, NaOCl, Na 2 S 2 O 8 ) were not effective in removing polymer damage, especially in horizontal wells (TjonJoe-Pin et al., 1993) . Acids and oxidisers attacked any active sites on polymer strands, but they did not react with the polymer backbone and they left partially degraded and unreacted polymer strands (Brannon, 1994) .
Enzymes cannot remove the filter cake completely; but were effective in removing polymer material in the filter cake (Hembling et al., 2000) . Oxidising agents or enzymes did not dissolve calcium carbonate particles (Todd, 2001) . Enzymes were able to break xanthan gum and starches that were used in drill-in fluids (Al-Otaibi et al., 2004 ). To overcome the temperature limit of enzymes, Samuel et al. (2010) introduced stabilisers, which can be used with the enzymes at high temperature (250°F).
In-situ generated acids, which generated acetic acid to remove the filter cake was studied by Nasr-El-Din et al. (2005) . They concluded that this system can remove most of the acid-soluble material only. They recommended using this system at temperatures less than or 200°F. Al Moajil and Nasr-El-Din (2007) studied in-situ generated acids that generated acetic, lactic, and formic acid. They found that the performance of lactic acid to remove the filter cake was comparable with formic acid. Acetic acid performance was lower than the other two acids and it required longer soaking time.
Ethylenediaminetetraacetic acid (EDTA), hydroxyethylethylenediaminetriacetic acid (HEDTA), diethylenetriaminepentaacetic acid (DTPA) and nitrilotriacetic acid (NTA) have been used extensively in oil/gas field treatments for iron stabilisation, scale removal, well stimulation, and well cleaning. Engineered chelating-enzyme formulation can be very efficient for cleaning up mud in an open hole and gravel pack completions (Law et al., 2007) . Chelating agent-enzyme solutions were less corrosive to tubulars and can be used for filter cake removal in sandstone completions .
Chelating agents, or chelating agents with an enzyme solution, have a removal efficiency of calcium carbonate filter cake comparable to conventional methods (Tibbles et al., 2003) . Chelating agents such as EDTA are compatible with α-amylase enzymes (Navarro-Mascarell and Luyster, 2011). They stated that chelating agents with at least one enzyme have a high removal efficiency of the filter cake of water-based or oil-based drilling fluid. Brady et al. (2003) studied the combination of VES (viscoelastic surfactant) with chelating agent and α-amylase enzyme to clean calcium carbonate filter cake and remove near wellbore damage. They mentioned that VES matrix (5% VES in NH 4 Cl and 28% K 2 EDTA + 0.5% α-amylase enzyme) removed the filter cake completely after 500 minutes at 150°F and 300 psi overbalanced pressure. The retained permeability of 500 mD Berea sandstone core was 90% after the treatment with VES/EDTA/α-amylase. They stated that 80% solution by volume of 40% by weight aqueous solution of NH 3 HEDTA at pH 4.5 in combination with α-amylase enzyme degraded the filter cake at 175°F and 300 psi after 16 hrs. Collins et al. (2011) mentioned that a novel polyacidic chelate (NPC) breaker has excellent biodegradation and toxicity profiles. It has a good solubility, clean up efficiency, and environmental impact. Frenier et al. (2003) stated that EDTA and HEDTA are not readily biodegradable, while NTA is readily biodegradable. NTA is potentially hazardous to humans and, therefore, created environmental discharge concerns. LePage et al. (2011) introduced a new environmentally friendly chelating agent, polyacidic chelate L-glutamic acid, N,N-diaceticacid or GLDA. They found that GLDA was very effective in dissolving calcium carbonate compared to other chelates. GLDA can achieve more than 60% biodegradation within 28 days (Van Ginkel et al., 2005) . GLDA has a high ability to dissolve calcium carbonate rock over a wide range of pH (Mahmoud et al., 2011) . GLDA was found to be thermally stable at temperatures up to 350°F.
The objectives of this study are to:
1 assess the compatibility of GLDA and HEDTA with α-amylase enzyme solutions 2 compare the effect of GLDA with HEDTA to remove calcium carbonate filter cake of water-based drilling fluid 3 measure the return permeability 4 determine potential formation damage in sandstone and limestone cores. Table 1 gives the water-based drilling fluid formulas that were used in this study. They contained xanthan gum for viscosity control, starch to prevent filtration, KCl for clay stabilising, and calcium carbonate (D 50 = 50 µm) as a bridging and weighting material. KOH was used to control the pH of the drilling fluid. The xanthan gum and starch are oilfield polymers that were obtained from a local service company. 
Experimental studies

Materials
……
Indiana limestone and Berea sandstone cores were used to simulate the pay zone. Indiana limestone cores were cut from a block with an average porosity of 23 vol% and a permeability of 80 to 120 mD. Berea sandstone cores had an average porosity of 18 vol% and a permeability of 50-60 mD. Table 2 gives the elemental analysis of the Berea sandstone and Indiana limestone cores. GLDA solutions of pH 3.3 to 13 and a concentration of 40 wt%, and HEDTA of pH of 4 to 13 and a concentration of 40.8 wt% were obtained from AkzoNobel. α-amylase enzyme, which contains a stabiliser that can be used up to 250°F, was used to remove starch. Table 3 shows the water-based drill-in fluid properties for formulas A and B. Formula A had a density of 9.5 ppg and a volume of 360 cm 3 , while formula B had a density of 9.6 ppg and a volume of 370 cm 3 . Sieve analysis was done for calcium carbonate particles using sonic sifter machine. The D 50 was 90 µm.
Properties of drill-in fluids
Compatibility of α-amylase enzyme with chelates
A 100 g solution, which contained 10 wt% α-amylase enzyme, 20 wt% chelating agent, and 70 wt% DI water was prepared to measure the compatibility of chelating agents with α-amylase enzyme. A magnetic stirrer was used to mix the solution at room temperature (T = 77°F). The compatibility test was performed at 150°F and 300 psi using the see-through-cell, Figure 1 . Figure 1 See-through-cell (see online version for colours)
Results and discussion
Compatibility of α-amylase enzyme with chelates
α-amylase enzyme was incompatible with GLDA at low pH (3.3) and at high pH (13), Figure 2 (a), while it was compatible at pH 7, at room temperature. α-amylase enzyme was compatible with HEDTA at neutral pH (7) and at high pH (13), while it was incompatible at low pH (4) at room temperature, Figure 2(b) . The see-through-cell was used to determine the compatibility of α-amylase enzyme with the chelating agent at a higher temperature (150°F). At 150°F, α-amylase enzyme was incompatible with GLDA at pH 3.3, 7, and 13, Figure 2 (c). Also, it was incompatible with HEDTA at pH 4 and 7, Figure 2 (d). Figure 3 shows that α-amylase was incompatible with GLDA (pH 3.3) at different concentrations, from 5 to 20 wt%, at room temperature. It can be concluded that α-amylase enzyme was incompatible with chelating agents, GLDA (pH of 3 to 13) and HEDTA (pH of 4 and 7) over a wide range of temperatures. The total composition of this study is completely different from Brady et al. (2003) . They used VES/chelating agent/α-amylase enzyme as a one system to remove the filter cake. The total composition is very important to assess the compatibility of the solution and evaluate the removal efficiency of the filter cake. Our results contradicted the data published by Brady et al. (2003) and Tibbles et al. (2003) , where they mentioned that α-amylase enzyme can be used with a chelating agent (EDTA and HEDTA) in one solution to remove the filter cake. 
HPHT filter press
The static filtration process was performed using a modified HPHT filter cell, Figure 4 . Cores of 1 in. thickness and 2.5 in. diameter were used in the modified cell. The drill-in fluid was prepared, which contained 13 g CaCO 3 , and placed in the cell. The cell was put in the heating jacket; the system was adjusted at 225°F and 300 psi differential pressure. Using the Indiana limestone core, the cumulative filtrate volume was 18.2 cm 3 and the spurt loss was 6.3 cm 3 , Figure 5 , which means that 13 g CaCO 3 was not enough to bridge the core and prevent the filtration. Computer tomography (CT), Figure 4 , was used to scan the filter cake. The CT image can be analysed using Image J software, which gave the average CT number, and indicates the bulk density. The formed filter cake was scanned under wet conditions. Figure 6 shows that there was a polymer layer of an average CTN of 400 that covered the calcium carbonate layer, which has an average CTN of 1,600, and indicated the heterogeneity of the filter cake.
Two-step procedure to remove the filter cake
CT results of the filter cake showed that the calcium carbonate particles were covered with a layer of xanthan gum and starch. α-amylase enzyme was incompatible with the chelating agents, GLDA (pH of 3 to 13) and HEDTA. Therefore, it was decided to soak the filter cake for 24 hrs with α-amylase (10 wt% of 200 g solution), followed by soaking for 24 hrs with 200 g breaker solution, which contained 20 wt% chelating agent.
The removal efficiency was calculated by comparing the weight of the saturated core before filtration, the weight of the core after filtration, and the weight of the core after the removal process. Table 4 gives the removal efficiency for different conditions. The removal efficiency of the filter cake was found to be 40% for Indiana limestone cores after the reaction with GLDA (pH 11.3) and HEDTA (pH 13), Figures 7(a) and 7(b). To decrease the amount of filtration, it was decided to increase the amount of calcium carbonate to 30 g and to enhance the removal efficiency, the pH of the chelate solution was reduced.
Figure 7
Filter cake removal using different scenarios; (a) enzyme followed by 20 wt% GLDA (pH 11.3), (b) enzyme followed by 20 wt% HEDTA (pH 13), (c) enzyme followed by 20 wt% GLDA (pH 3.3), (d) enzyme followed by 20 wt% HEDTA (pH 4), (e) one step to remove CaCO 3 filter cake using 20 wt% GLDA (pH 3.3), (f) one step to remove CaCO 3 filter cake using 20 wt% HEDTA (pH 4), (g) reduction of the removal efficiency when using 10 wt% GLDA (pH 3.3), (h) reduction of the removal efficiency when using 10 wt% HEDTA (pH 4) (see online version for colours)
The spurt loss decreased from 6.3 to 2.3 cm 3 and the total filtrate volume decreased from 18.2 to 9.9 cm 3 by increasing the amount of calcium carbonate from 13 to 30 g. By soaking the filter cake for 24 hrs with α-amylase enzyme (10 wt% of 200 g solution), followed by soaking for 20 hrs with low pH chelate (20 wt% of 200 g solution), the removal efficiency was increased to 100%, when using GLDA (pH 3.3) and HEDTA (pH 4), Figures 7(c) and 7(d). Notes: W 1 = weight of the disk saturated with water W 2 = weight of the disk with filter cake W 3 = weight of the disk after removal process LM = limestone core SD = sandstone core
One-step removal of the filter cake
A low pH chelate solution was used to remove the filter cake in one step in order to minimise the time and cost of the enzyme. Figures 7(e) and 7(f) show that the removal efficiency was 100% when using GLDA at pH 3.3 and HEDTA at pH 4 after soaking for 16 hrs. By decreasing the chelate concentration, the removal efficiency decreased to 77% for 10 wt% GLDA (pH 3.3) and to 60% for 10 wt% HEDTA (pH 4), Figures 7(g) and 7(h). Figures 8 and 9 show the variation of the removal efficiency with change in the pH and concentration of GLDA and HEDTA, respectively.
It can be concluded that chelating agents (GLDA at pH 3.3 and HEDTA at pH 4) with a concentration of 20 wt% removed the filter cake in 16 hrs at 225°F without any additives.
Berea sandstone cores with an average permeability 60 mD were used to perform the filtration process and assess probability of formation damage when using 20 wt% chelate solutions at low pH (3.3 to 4) value without α-amylase. Figure 10 shows that the cumulative volume of filtration for the sandstone core was 8.8 cm 3 and the spurt loss was 2.3 cm 
Figure 11
Complete removal of filter cake when using GLDA solution (pH 3.3) and HEDTA (pH 4) using Berea sandstone core (see online version for colours)
Retained permeability
Steps to calculate the retained permeability for the core:
1 Initial permeability (K i ) was measure using Darcy law. The time required to flow of 150 cm 3 of DI water through the core at a constant pressure drop (60 psi) was recorded.
4 After the chemical treatment, the final permeability (K f ) was measured using Darcy law. The time required to flow of 150 cm 3 of DI water through the core at a constant pressure drop (60 psi) was recorded. After cleaning the filter cake using 200 g solution, which contained 40 g the GLDA, the retained permeability was greater than 100%. The experiment was repeated 3 times to confirm the results and the average retained permeability was 106% after using 40 g GLDA (pH 3.3), Table 5 . The average retained permeability was 100% after using 40 g of HEDTA (pH 4) to clean the filter cake, Table 5 . Using Berea sandstone cores, the retained permeability was 110% after using 40 g GLDA (pH 3.3) and was 115% after using 40 g of HEDTA (pH 4) to remove the filter cake, Table 5 . The experiment for each case was repeated 3 times to confirm the results. 
CT results
CT scan was performed on a saturated Indiana limestone core before the filtration and after the removal process to assess potential formation damage. Figure 12 shows that the average CTN for a saturated core was 2,223, and after the removal process was 2,206. The reduction of the CTN after the removal process indicated that GLDA (40 g of pH 3.3) and HEDTA (40 g of pH 4) were enough to remove the invaded solid from the core, which indicated no formation damage inside the core. CT results proved that GLDA (40 g of pH 3.3) and HEDTA (40 g of pH 4) were able to remove the filter cake from the surface of the Berea sandstone cores, and also remove the invaded fine solids from the core, Figure 13 . 
Optimisation of the GLDA concentration
To optimise the concentration of GLDA, a 300 g solution with different concentrations of GLDA was soaked with the filter cake for 16 hrs. Figure 14 shows that the filter cake was completely removed when using 40 g GLDA (pH 3.3) and it was partially removed when using 20 and 30 g. An iodine test was performed on the limestone cores surface after the removal process to ensure that GLDA completely degraded the polymer and starch present on the core surface. Figure 15 shows that when using 30 g GLDA there was residual starch on the core surface, the color changed to dark blue when adding a few droplets of the iodine solution. By increasing the GLDA amount to 40 g and above, the color did not change, which indicated complete removal of the filter cake. Figure 16 shows that the retained permeability was less than 100% when using GLDA amounts of 20 and 30 g, which indicated the presence of formation damage. 
Reaction of GLDA with starch
A 50 g slurry, which contained 2 wt% starch and 20 wt% GLDA (pH 3.3), was prepared for viscosity measurements using an HPHT viscometer. The experiment was run at 225°F and 300 psi applied pressure for 6 hrs at a shear rate of 10 s -1
. To assess the presence of starch in the solution, an iodine test was performed. Figure 17 shows that GLDA (pH 3.3) completely broke the starch.
Reaction of GLDA with xanthan gum
A 50 g solution, which contained 20 wt% GLDA (pH 3.3) and 0.2wt% xanthan gum, was prepared for measuring the viscosity at 225°F and a pressure of 300 psi. Figure 18 shows that the apparent viscosity started to decrease after 7 hrs and reached 30 cP after 11 hrs, which indicated the degradation of the polymer when using GLDA solutions of pH 3.3. 
Conclusions
An experimental study was conducted to assess removal of water-based filter cake using α-amylase, chelating agents, or combinations of these chemicals. Based on the results obtained, the following conclusions can be made:
1 Chelate solutions, GLDA (pH of 3.3 to 13) and HEDTA (pH of 4 and 7) were incompatible with α-amylase over a wide range of temperatures.
2 GLDA (pH 3.3) and HEDTA (pH 4) can be used to remove the filter cake in one step without using α-amylase enzyme solutions.
3 GLDA (20 wt% in a 200 g solution and pH of 3.3) and HEDTA (20 wt% in a 200 g solution and pH 4) had 100% removal efficiency of the filter cake using Indiana limestone and Berea sandstone cores.
4 The retained permeability was 110 and 106% for Berea sandstone and Indiana limestone cores, respectively when using GLDA (13.3 wt% in 300 g solution and pH of 3.3).
5 The retained permeability was 115 and 100% for Berea sandstone and Indiana limestone cores, respectively when using HEDTA (20 wt% in 200 g solution and pH of 3.3).
No core damage was observed when using GLDA and HEDTA solutions as a breaker to remove water-based filter cake.
